 1  3 
HpasRNA90 were confirmed to accumulate in infected plants at 4 and 7 dpi (Fig.S2 ). As 1 0 1 promoter for Csy4, we cloned a 2 kb-DNA fragment upstream of the start codon of one of the 1 0 2 two target genes (here proAtWNK2) to simulate native target mRNA levels. To exclude 1 0 3
HpasRNA2/HpasRNA90-unspecific suppression of Csy4 or ckRNAi-independent effects that 1 0 4
would activate GUS, we cloned scrambled target sequences of HpasRNA2 and HpasRNA90 1 0 5
as well as the target sequence of AtmicroRNA164 from its endogenous target AtCUC2, as 1 0 6 negative controls. We tested at least three individual T1 lines per reporter construct. Csy4 HpasRNA90 target sequences highlighted GUS activation along the H. arabidopsidis hyphal 1 1 0 infection front (Fig.1e ). This experiment provides, to our knowledge, the first in situ 1 1 1 visualization of a pathogen's sRNA translocation and function in infected host cells to trigger 1 1 2 ckRNAi. GUS activation appeared only around the hyphae indicating that ckRNAi did not scrambled HpasRNA2/HpasRNA90 target sequences or AtmiRNA164 target sequence did 1 1 5 not typically express GUS activation around the infecting hyphae, excluding any target 1 1 6 sequence-unspecific regulation of Csy4 or GUS, as well as pathogen-triggered regulation of 1 1 7
the AtWNK2 promoter ( Fig.1e, Fig.S3 ).
1 1 8
As we revealed HpasRNA invasion into the plant AtAGO1-RISC during infection and found 1 1 9
infection-site specific target silencing triggered by HpasRNA2 or HpasRNA90, we attempted 1 3 8 5' ends of target transcript fragments. We expected cleavage in Hyaloperonospora-infected 1 3 9
WT plants but no cleavage products when using non-infected Arabidopsis or infected 1 4 0
Arabidopsis expressing an HpasRNA-resistant version of AtAED3r or AtWNK2r (Fig.S5a ).
4 1
Indeed, using Arabidopsis WT resulted in PCR products of the expected cleavage size for 1 4 2 both target genes ( Fig.1f ). While a clear band of the expected size was detected for AtAED3, 1 4 3 two PCR bands were detected for AtWNK2 at the expected size region in infected WT plant 1 4 4 samples ( Fig.1f ). AtWNK2 is predicted to have up to six splicing variants that would render 1 4 5 RACE-PCR analysis being challenging and might explain for the two PCR bands. We found 1 4 6 evidence for target mRNA cleavage at the predicted HpasRNA target sequence for both target genes by sequencing the isolated PCR products (Fig.1g ). Cleavage was obtained slightly trailing necrosis ( Fig.S6b ), as previously described in sub-compatible combinations of H. phenotype was indeed linked to atago1 mutations and not to any secondary background 1 7 5 mutation, as independent mutant alleles atago1-45 and atago1-46 also displayed, albeit to a 1 7 6 smaller extent, trailing necrosis after inoculation with H. arabidopsidis (Fig.S6c ). On the 1 7 7 contrary, atago2-1 and atago4-2 did neither exhibit trailing necrosis nor reduced oomycete 1 7 8 biomass ( Fig.S6d,e ). HpasRNA2 and HpasRNA90 were confirmed to load into AtAGO1 but 1 7 9 not into AtAGO2 by AGO-IP coupled to stem-loop RT-PCR ( Fig.S7 ), which is consistent 1 8 0 with the observed reduced disease level in atago1 mutants but not in atago2-1, suggesting 1 8 1 that invasive HpasRNAs may act mainly through AtAGO1 to support virulence. necrotic trailing and reduced pathogen susceptibility found in atago1 was not due to the loss 1 9 1 of functional endogenous plant microRNA pathway. In support, atse-2, athen1-5 and athst-6 1 9 2 did also not show necrotic trailing upon infection ( Fig.S8a,b ).
9 3
Since atago1 expressed trailing necrosis and reduced susceptibility to H. arabidopsidis, we 1 9 4
wanted to rule out that common immunity or activation of Resistance (R) genes caused 1 9 5 enhanced resistance in atago1-27 compared to WT. We profiled gene expression of the 1 9 6
A. thaliana immunity marker AtPathogenesis-Related (PR)1. Induction of AtPR1 was neither 1 9 7
faster nor stronger at 6, 12 or 18 hours post inoculation in atago1-27 compared to WT 1 9 8 ( Fig.S9a ). Expression of AtPR1 and another immunity marker AtPlant-Defensin (PDF)1.2 1 9 9
were not higher compared to WT before or after infection in atago1-27 at 1, 4 or 7 dpi Plant microRNAs/AtAGO1 are known to initiate the production of secondary phased siRNAs 2 0 2 (phasiRNAs), which negatively control the expression of NLR (Nucleotide-binding domain 2 0 3
Leucine-rich Repeat) class R genes (Li et al., 2012) . The lack of phasiRNAs could in theory 2 0 4 result in enhanced expression of NLRs and lead to higher resistance against H. arabidopsidis.
0 5
PhasiRNA production depends on the AtRNA-dependent RNA polymerase (RDR)6 and 2 0 6
AtDCL2/AtDCL3/AtDCL4 (Komiya, 2017) . To rule out R gene-based enhanced resistance 2 0 7 due to lack of phasiRNAs, we inoculated atrdr6-15 and atdcl2dcl3dcl4 mutants with H. In order to investigate whether atago1-27 is more resistant to another biotrophic pathogen, we 2 1 1 performed infection assays with the powdery mildew fungus Erysiphe cruciferarum. We did 2 1 2 neither observe plant cell necrosis, nor a reduction in pathogen biomass compared to WT 2 1 3 ( Fig.S10a,b ). These data confirmed that the observed resistance in atago1 against 2 1 4
Hyaloperonospora is not based on generally enhanced immunity or on R gene-mediated 2 1 5 resistance. Invasive Hyaloperonospora sRNAs are crucial for virulence 2 1 7
As Arabidopsis atago1 mutants displayed reduced susceptibility towards H. arabidopsidis genes, we investigated how important HpasRNAs were for virulence. To assess the 2 2 0 importance of HpasRNAs for virulence, we cloned and expressed a triple short tandem target HpasRNA30 and HpasRNA90 (Fig.3a , Tab.S2). We included HpasRNA30 in the STTM, 2 2 3 because it was predicted to target a homolog of AtWNK2, namely AtWNK5, and so we 2 2 4 assumed that HpasRNA30/AtWNK5 might also be important for virulence. HpasRNA30 was 2 2 5 detectable in infected plant leaves at 4 and 7 dpi by stem-loop RT-PCR, but not at 0 and 1 dpi 2 2 6 supporting that this sRNA was produced by H. arabidopsidis but not by Arabidopsis partially the trailing necrosis phenotype also found in atago1 (Fig.3b ). We isolated two stable 2 2 9 STTM T2 lines (#4, #5). The STTM #4 line showed target de-repression of AtAED3 at 7 dpi Both STTM T2 lines exhibited reduced pathogen biomass ( Fig.S11b ) and allowed 2 3 4 significantly lower production of pathogen conidiospores (Fig.3c ). These results demonstrated 2 3 5
that HpasRNAs are important for virulence. To examine the contribution of individual target genes to plant defence, we isolated three T-2 3 8
DNA insertion lines, atwnk2-2, atwnk2-3, and ataed3-1 (Fig.S12a ), for inoculation with H. arabidopsidis. We located the T-DNA insertion in atwnk2-3 from the last exon into the 3´ in atwnk2-2 and ataed3-1 compared to WT, but not in atwnk2-3 ( Fig.4a ). Significantly To continue the investigation on the contribution of individual target genes to plant defence, 2 4 8
we expressed native promoter-driven (proAtAED3, proAtWNK2) targets AtAED3 and
AtWNK2 or a target gene-resistant version, AtAED3r and AtWNK2r (Fig.S5a ), in the 2 5 0 respective mutant background ataed3-1 and atwnk2-2. The integration of both AtWNK2 and We expected those plant lines to become more resistant against H. arabidopsidis. Indeed, conidiospores compared to T-DNA mutant plants carrying an empty expression vector, 2 5 6 1 respectively ( Fig.4d ). To further explore the role of target genes in plant immunity, we 2 5 7 attempted to generate overexpression lines of resistant target gene versions and achieved an 2 5 8 overexpressor of the AtWNK2r version (AtWNK2r-OE) ( Fig.S5a ) in the atwnk2-2 background.
5 9
AtWNK2r-OE plants showed ectopic cell death in distance from infection sites ( Fig.S14a) , as Our study demonstrates the invasion, function, and significance of Hyaloperonospora sRNAs 2 6 7 in virulence, the first natural ckRNAi case ever reported for an oomycete plant pathogen. By Arabidopsis AtAGO1-IP coupled to sRNA-seq, we identified 34 H. arabidopsidis sRNAs that 2 6 9
hijacked the host RNAi machinery to target multiple plant genes for silencing. These deep HpasRNAs was counted in the AtAGO1 sRNA-seq experiment (1:2400), because most 2 7 6
AtAGO1 molecules were purified from non-colonized tissue and HpasRNA-induced target 2 7 7 silencing was only detected in Arabidopsis cells in close proximity to the pathogen hyphae. We suggest to not pro forma exclude sRNAs exhibiting low read number from ckRNAi studies, as other studies revealed strong phenotypic effects despite small RNA reads in the proximity to the Hyaloperonospora hyphae and haustoria ( Fig.1e ). Phytophthora and Pythium (Fig.S15a ). Target sequences within plant WNK2 homologs were 2 9 8 conserved as well, with the lowest number of base pair mismatches occurring in the highly- Regarding the role of identified HpasRNAs target genes in host defence, our data supported putative apoplastic aspartyl protease and has been suggested to be involved in systemic needs to be investigated.
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